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Abstract 
On isolated mitochondria, numerous studies of the relationships between fluxes and their associated forces have led to the 
description of some properties of the oxidative phosphorylation pathway. However whether such an approach can be applied 
to understanding the actual situation in intact living cells needs further consideration. In this study on isolated hepatocytes, 
we describe the dependence of the respiratory rate on the three thermodynamic forces linked to oxidative phosphorylation 
(i.e. the redox span over the respiratory chain, the electrical potential difference across the inner mitochondrial membrane 
and the free energy of ATP synthesis reaction). Even if this description is phenomenological and some objections may be 
raised regarding the relevance of such a bulk-phase force estimation, we present some results showing that the study of 
flux-force relationships in intact cells may be a helpful approach for understanding the mechanisms by which oxidative 
phosphorylation activity is changed. © 1998 Elsevier Science B.V. 
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1. Introduction 
Within the framework of the chemiosmotic theory 
[1,2], the energy transduction between redox free 
energy and phosphate potential is carried out by inner 
mitochondrial membrane proton pumps structurally 
independent but functionally connected by a proton 
electrochemical difference (A/2H+) between two bulk 
phases: intermembranal space and mitochondrial 
matrix. On the basis of this general concept, both the 
mechanisms ( toichiometry of the proton pumps) and 
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thermodynamic and kinetic controls of oxidative 
phosphorylation have largely been studied on isolated 
mitochondria. Thus, the various mechanisms by 
which the oxidative phosphorylation yield can be 
altered have been identified• 
Firstly, changes in the proton (or cation) conduct- 
ance of the inner membrane obviously modulate the 
coupling efficiency, and a large number of com- 
pounds named 'protonophores', which increase 
proton permeability, are responsible for a decrease in 
ATP synthesis linked to an increase in respiratory 
rate as a consequence of a A/2H+ drop [3-9]. 
Secondly, a decrease in coupling efficiency be- 
tween electron and proton fluxes through the respira- 
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tory chain may be due either to an intrinsic uncou- 
pling at the redox pump level (redox slipping [10- 
12]) or to a change in the proportion of electrons 
delivered to the first and to the second coupling site. 
In such a situation, an increase in respiratory rate 
without any significant change in either A/2H+ 
[13,14] or phosphate potential may be theoretically 
expected. 
The third manner in which the coupling between 
oxidation and phosphorylation might be affected is a 
change in H ÷/ATP flux ratio at the level of ATP 
synthase. Whether it is a proton-slip or a change in 
the mechanistic stoichiometry [15-17], the increase 
in H÷/ATP apparent stoichiometry must lead to a 
decrease in phosphate potential without any effect on 
A/2H+ and redox potential [18,19]. 
Thus, on isolated mitochondria, the study of the 
dependence of the fluxes (respiration and ADP phos- 
phorylation rates) on the forces (A/2H+, free energy of 
redox or phosphorylation reactions, i.e. AGo/R or 
AGp), has led to the description of some of properties 
of the system. However, whether such an approach 
can be applied to understanding the actual situation in 
intact living cells needs further consideration. In 
cells, a wide network of interactions between mito- 
chondria nd cytosol regulates the balance in energy 
supply and consumption, the control of ion compart- 
mentation, the metabolic availability, the metabolic 
demand and the coordination between numerous 
pathways. At the morphological level, these dynamic 
relationships involve physical links between mito- 
chondria and other organelles or cellular structures, 
fluctuating intracellular distribution of mitochondria 
and changes in their shape (see Ref. [20] for review). 
Moreover, the high concentration f macromolecules 
in the living cell and the possibility of diffusion 
restriction through the mitochondrial outer membrane 
Table ! 
Effect of DNP on some bioenergetic parameters in intact hepatocytes 
[21] make likely the dynamic organization of gra- 
dients and/or local metabolite pools. This raises the 
question of the justification and relevance of measur- 
ing in living cells the thermodynamic bulk-phase 
forces to understand oxidative phosphorylation altera- 
tions. 
The thrust of this paper is to present some results 
showing that the study of flux-force relationships in
intact hepatocytes may be a helpful approach for 
understanding the mechanism by which oxidative 
phosphorylation activity is changed. 
All the experiments were done with hepatocytes 
isolated from 20- to 24-h starved male Wistar rats and 
the methods used were detailed in a previous study 
[22]. 
2. Effect of protonophoric uncoupling and an 
increase in ATP turnover in intact hepatocytes 
It is generally accepted that 2,4-dinitrophenol 
(DNP) acts as a proton shuttle, increasing the proton 
conductance of the inner mitochondrial membrane 
and leading to a decrease in A/2n+ [7,23-26]. Table 1 
shows that DNP addition to cells incubated with 
glucose led to a large sustained increase in respiratory 
rate linked to a decrease in A~/' m. Moreover, both 
cytosolic and mitochondrial ATP/ADP ratios (not 
shown) as well as NADH/NAD + ratio decreased. 
These findings are in good agreement with data from 
the literature showing a decrease in protonmotive 
force and ATP synthesis in similar conditions [7,24- 
27]. Hence, as expected, an increase in proton leak 
results in a decrease of the three forces involved in 
the oxidative phosphorylation pathway: redox po- 
tential, protonmotive force and phosphate potential. 
However, from a thermodynamic point of view, the 
DNP concentration (p~M) JO 2 natom O/min/mg dry mass Aqt m (mY) NADH/NAD+,o ( X 10 -3) 2AE~ - 10A~ (V) 
0 19-+2 152-+5 15-+2 0.635 
50 25-+2 144-+3 7-+2 0.715 
75 30.5-+ 1.5 136-+4 4-+ 1 0.770 
Hepatocytes i olated from fasted Wistar rats were incubated in closed vials (8-10 mg dry mass/ml) at 37°C under carbogen atmosphere in a shaking 
waterbath. The incubation medium was Krebs-bicarbonate buffer supplemented with 2.5 mM Ca 2÷, 2% defatted bovine serum albumin, 0.1 p~M TPMP--, 
0.5 mM mannitol, 0.2 mg/ml inulin and 20 mM glucose. A~" and mitochondrial or cellular volume were calculated with radioactive probes as described in 
Ref. [22]. JO 2 was determined in an oxygraph vessel and is expressed as natom/mg dry mass. Values represent means-+S.D, for at least three cell 
preparations. 
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respiratory rate is controlled by two associated forces: 
the span of the redox potential over the respiratory 
chain (AE'h) and the protonmotive force (Ap). As 
there is no unquestionable method to assess ApH 
quantitatively across the inner membrane on isolated 
hepatocytes, and as A~ is the main component of the 
Ap, this overall thermodynamic driving force over the 
? 
electron transport chain is expressed as 2AE h -nA~,  
where n is the H ÷/O stoichiometry of the electron 
transport chain [28]. For substrates giving their 
electrons to complex I, it is generally assumed that n 
is equal to 10 [29]. However, it is worth noting that 
the absolute value of this stoichiometry does not play 
any role in the slope describing the relationship 
between respiratory rate and the overall thermody- 
namic driving force. From Fig. 1, it is clear that the 
increase in respiratory flux is linked to a linear 
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Fig. 1. Relationships between respiratory rate and its overall thermo- 
dynamic driving force in intact liver cells. Hepatocytes (8-10 mg dry 
mass/ml) were incubated in 20-ml stopped plastic vials in a shaking 
waterbath. The basic incubation medium was Krebs Henseleit-bicarbon- 
ate buffer (144 mM Na+), pH 7.4, containing 2.5 mM calcium, 2% 
defatted bovine serum albumin, a substrate (either 20 mM glucose or 4 
mM octanoate as indicated), 0.1 ixM TPMP ÷, 0.5 mM mannitol, 0.2 
mg/ml inulin and, when indicated, 10 mM amino acids (except for 
leucine 2.5 mM). All media were in equilibrium with a gas phase 
containing O2/CO 2 (95:5) at 37°C. When JO 2 increased, the experimental 
conditions were the following. With glucose ( I ) :  AIB, control, alanine + 
AOA, glutamine, alanine, glutamine+leucine, proline. With octanoate 
([]): alanine+AOA, control, AIB, glutamine, proline, alanine, 
glutamine+leucine. With octanoate+DNP (50 IxM) (O). Other ex- 
perimental conditions were: glucose either with Na÷-depleted medium 
(120 and 90 mM) (&) or in the presence of DNP (50 and 75 I~M) (0). 
Hepatocytes from PUFA-deficient rats with octanoate as substrate: control 
(A); +DNP (50 I~M) (~7). Data present means_S.D, from at least three 
independent determinations, with individual experiments performed in 
duplicate. 
increase in this force. Is this linear flux-force rela- 
tionship observed when other means are used to 
change the steady state respiration? 
It is now well known that an increase in cell 
volume, both in perfused liver and hepatocytes, 
affects fluxes through some metabolic pathways, and 
acts like an anabolic signal, stimulating and inhibiting 
the biosynthesis and degradation pathways, respec- 
tively (see Ref. [30] for review). Our previous tudy 
[31] designed to investigate the energetics of cell 
swelling due to sodium-cotransported amino acid 
accumulation showed that the size of the increase in 
isolated hepatocyte volume is directly correlated to 
the total amino acid accumulation, which depends on 
the difference of electrical potential across the plasma 
membrane. However, such changes in cell volume 
due to cytosolic hyperosmolarity do not modify the 
mitochondrial volume. 
On isolated hepatocytes, addition of metabolizable 
amino acids increases the respiratory rate and slightly 
decreases the mitochondrial Aq s (not shown). In 
contrast, a non-metabolizable amino acid (2-amino- 
isobutyrate (AIB)) does not significantly change the 
respiratory rate or A~. Moreover, alanine, in the 
presence of aminooxyacetate (AOA) which prevents 
its metabolism [32], induced only a slight rise in 
respiratory rate but without any effect on A~ (not 
shown but see Ref. [31]). Thus, amino acid metabo- 
lism is responsible for both the increase in respiration 
and the slight decrease in A~. This could be the 
consequence of an activation of some ATP-consum- 
ing process by a precursor supply. However, the 
maximal respiratory rate obtained by uncoupler addi- 
tion was always higher when metabolizable amino 
acids were present [31]. The fact that uncoupled 
respiration was enhanced by amino acid addition 
clearly indicates their actual participation in the 
electron supply pathway. There is no simple relation- 
ship between respiratory rate and either A~ m or the 
mitochondrial NADH/NAD + ratio; however, when 
the relationship between respiratory rate and the 
overall thermodynamic driving force is investigated, 
a quasi-linear dependence identical to that depicted 
with DNP is observed (Fig. 1). This seems to indicate 
that a unique relationship between respiratory rate 
and its thermodynamic driving force, irrespective of 
the way by which these parameters are modulated, 
may be observed in isolated hepatocytes. 
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3. Effect of octanoate on respiratory chain 
response to thermodynamic forces 
The effects of fatty acids on cellular respiration 
have been known for long time (see Ref. [33] for 
review). It has been reported by Nobes et al. [34] that 
the increase in respiratory rate due to fatty acid 
addition in isolated hepatocytes i  accompanied by a 
large increase in mitochondrial NADH/NAD + ratio, 
which is associated with a significant increase in Ag,. 
These authors proposed that fatty acid addition to 
isolated hepatocytes raises the respiratory rate by 
increasing the mitochondrial NADH supply to the 
respiratory chain. Although membrane proton con- 
ductance was not changed, proton leak increased ue 
to the increase in protonmotive force, thus contribut- 
ing to the increase in respiratory rate together with an 
increase in the Ap consuming processes. We have 
observed similar results: large increases in respiratory 
rate and in mitochondrial NADH/NAD + ratio with a 
slight but significant increase in Ag e . This, of course, 
is not in agreement with an uncoupling effect, in 
agreement with the conclusion reached by Nobes et 
al. [34]. Cytosolic and mitochondrial phosphate po- 
tentials were not significantly modified by fatty acid 
addition (not shown but see Ref. [22]). 
When the respiratory flux was manipulated by 
either amino acid additions or DNP in the presence of 
glucose or octanoate in the medium, two distinct 
relationships were observed: for a similar overall 
thermodynamic driving force, the respiratory rate was 
much higher in the presence of octanoate (Fig. 1). 
This difference between the two curves is indepen- 
dent of the value of n chosen. This may indicate a 
large activation by octanoate of one or more enzymes 
of the respiratory chain itself, leading to a change in 
the response of electron flux to its associated forces. 
Even if this hypothesis is not implausible, another 
hypothesis is to be proposed, considering the differ- 
ences in the oxidative pathways of octanoate and 
glucose. Since fatty acids are metabolized by [3- 
oxidation, they lead to a higher proportion of 
FADH2-reducing equivalents than from substrates 
metabolized through glycolysis and the Krebs cycle. 
Thus, a decrease in the overall apparent H+/2e 
stoichiometry (n) due to a change in the proportion of 
electrons supplied to sites 1 and 2 is strongly 
probable. This shift in electron supply towards a 
two-coupling site system instead of a three-coupling 
site may be phenomenologically considered as equiv- 
alent to the intrinsic respiratory chain uncoupling. In 
such a case, the increase in respiratory rate is not 
accompanied by a decrease in AW or phosphate 
potential as observed with octanoate. 
Thus, the difference in the relationship between 
respiratory rate and the overall thermodynamic driv- 
ing force is certainly due to the change in actual 
stoichiometry (n) of the respiratory chain. Hence, if 
we consider that the same rate of proton extrusion is 
obtained at the same overall thermodynamic driving 
force with glucose or octanoate, this means that the 
actual stoichiometry is 8.4 and 10 with octanoate and 
glucose, respectively. These values are in agreement 
with the change in the formation flux ratio of 
FADH2/NADH in fatty acid or carbohydrate oxida- 
tion. 
4. Effect of a change in H+/ATP stoichiometry 
of mitochondrial ATPase 
In previous work [15-17], we described the effect 
of almitrine in mitochondria isolated from yeast, 
bovine heart and rat liver mitochondria. Briefly, 
almitrine (i) inhibits ATPase activity, (ii) decreases 
the ATP/O ratio without any change in the magnitude 
of the protonmofive force, and (iii) has no direct 
effect on respiratory chain activity. Moreover, the 
number of protons transferred by ATPase for each 
mole of hydrolyzed ATP is increased. Taken to- 
gether, these properties how that almitrine acts by 
changing the mechanistic stoichiometry of mitochon- 
drial ATPase/ATP synthase. Indeed a change in 
proton ATPase/ATP synthase stoichiometry could be 
interpreted as an increase in slipping if coupling 
efficiency between the proton flux and chemical 
reaction is decreased, whatever the direction of the 
reaction (i.e. ATP hydrolysis or ATP synthesis). In 
other words, the increase in intrinsic uncoupling of 
this proton pump, also called slipping, must induce an 
increase in H+/ATP ratio for ATP synthesis, and 
conversely a decrease in H+/ATP ratio during ATP 
hydrolysis. So whatever the direction of the reaction, 
the process always results in a decrease in coupling. 
In contrast, with almitrine, an identical change in 
stoichiometry is observed both in a forward and 
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reverse chemical reaction. Since in intact cells there 
is a net ATP synthesis flux, the consequence of an 
increase in H +/ATP stoichiometry is, in fact, similar 
to a slipping of ATP synthase. 
In isolated hepatocytes, almitrine addition leads to 
a large decrease in both cytosolic and mitochondrial 
ATP/ADP ratio without any change in either the 
mitochondrial redox state or the respiratory rate [19]. 
Moreover, as expected from the result obtained in 
isolated mitochondria, almitrine addition does not 
affect the mitochondrial A~ in intact cells. Hence, 
the addition of almitrine to intact cells affects only 
the phosphate potential: experimentally, the mito- 
chondrial AGp was 38.6_+0.3 kJ/mol in control 
experiments with octanoate and 35.1_+0.2 kJ/mol in 
the presence of 15 p~M almitrine. This drug is a 
useful tool for obtaining different cellular phosphate 
potentials at similar respiratory rates and redox states, 
and has been used to study the redistribution i the 
balance between glycolysis and gluconeogenesis [18]. 
5. Hypoosmotic medium and bioenergetics of 
isolated hepatocytes 
Hepatocytes incubated in various hypoosmotic 
Na+-depleted media swell whether the substrate is 
glucose or octanoate [22]. Cell swelling is related to a 
large increase in the mitochondrial volume. Both 
cellular and mitochondrial swelling are proportional 
to the decrease in extracellular medium osmolarity. 
While cellular response to a hypotonic stress is 
mainly due to ionic movements which limit water 
uptake, it may be that the rnitochondrial response, in 
spite of some well-known regulatory volume mecha- 
nisms (for example the K +/H + exchanger, see Refs. 
[35,36] for review), is essentially due to water uptake. 
Therefore, in Na+-depleted media and whatever the 
substrate used, mitochondria behave like an osmome- 
ter and swell to balance the drop in cytosolic 
osmolarity. 
When the extracellular medium osmolarity de- 
creases either with glucose or octanoate, the respira- 
tion rate is maintained, whereas the NADH/NAD + 
ratio and the Agt m decrease in such a manner that the 
overall thermodynamic force significantly increases 
(not shown). It is worth noting that, in spite of this 
net increase in the overall thermodynamic force, the 
respiration rate remains table (Fig. 1). This result is 
inconsistent with the explanation proposed by Hales- 
trap [37], for whom the increase in the respiration 
rate observed in vitro when the mitochondrial volume 
increases, is mainly the consequence of a kinetic 
activation of the respiratory chain [38]. Such an 
explanation, based on the fact that when mitochon- 
dria swell the NADH level and the redox state of the 
flavoproteins decrease, is acceptable only if the 
protonmotive force measured under these conditions 
is not significantly changed. In fact, it is well known 
that when Ap decreases, the NADH level and the 
redox state of the cytochromes decrease as JO 2 
increases. 
Our data show that when the extramitochondrial 
osmolarity decreases, the increase in the overall 
thermodynamic driving force is sufficient o cause an 
increase in the respiratory rate, without any change in 
the kinetic constraints. It is therefore very surprising 
that the respiratory rate in our conditions remained 
unchanged, whatever the extracellular osmolarity. 
Two explanations which are not mutually exclusive 
may be proposed: (i) kinetic constraints may inter- 
vene at the level of the respiratory chain, thus 
drastically limiting the increase in electron flux in 
response to the increase in the overall thermodynamic 
driving force; (ii) as the activity of the membrane 
enzymes is strongly dependent on their physical 
environment, it may be that changes in the mito- 
chondrial volume induce a modification of the mem- 
brane organization that changes the response of the 
respiratory flux to its associated forces. 
To have a better understanding of the energetics of 
rat liver mitochondria under conditions of external 
hypoosmotic medium, we studied the influence of 
hypoosmotic KC1 medium on isolated rat liver mito- 
chondria [39]. 
When isolated rat liver mitochondria are incubated 
in hypoosmotic KC1 medium, they swell and this 
swelling is regulated by K+/H + exchanger [39,40]. 
We showed that, under hypoosmotic onditions, 
while NADH level decreases as previously observed 
[38], respiratory rate and protonmotive force de- 
crease. Moreover, oxidative phosphorylation yield 
(i.e. ATP/O ratio) is constant whatever the external 
osmolarity. These results correlate well with those 
obtained in isolated hepatocytes. Taken together these 
results indicate that the main influence of hypoosmo- 
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larity on oxidative phosphorylation is an increase in 
kinetic control upstream and on the respiratory chain. 
6. Changes in oxidative phosphorylation due to 
a deficiency in polyunsaturated fatty acids 
(PUFA) 
As previously reported in the literature, dietary 
PUFA deficiency is responsible for a large change in 
membrane phospholipid composition, including that 
of mitochondria [41-45]. It has long been recognized 
that PUFA deficiency affects energy metabolism [46- 
49]. On isolated mitochondria an increased respirato- 
ry rate in non-phosphorylating mitochondria was 
reported [50], while the P/O ratio was either un- 
changed or decreased [44,51-54]. We have reinvesti- 
gated the consequences of PUFA deficiency on some 
oxidative phosphorylation parameters in isolated rat 
liver mitochondria [45]. Besides the dramatic hanges 
in lipid composition, we observed that mitochondrial 
volume is enlarged (+45% in state 4 and two-fold in 
state 3). State 4 respiration was increased together 
with a decrease in protonmotive force. The non- 
ohmicity of the relationship between on-phosphor- 
ylating respiration and protonmotive force was more 
pronounced in the PUFA-deficient group. Both state 
3 oxygen consumption and the rate of ATP synthesis 
showed no difference between the two groups, 
whereas the protonmotive force decreased substan- 
tially in mitochondria from PUFA-deficient animals. 
In contrast, ATP/O ratios were decreased in the 
PUFA-deficient group when determined atsubsaturat- 
ing ADP concentration. Taken together, these results 
are in agreement with both an increased non-ohmic 
proton leak and an increased redox slipping. The 
relative importance of these two effects on the overall 
efficiency of oxidative phosphorylation depends on 
both the oxidative phosphorylation rate and the 
protonmotive force. Hence, in isolated mitochondria 
the respective role of each effect may vary between 
state 4 and state 3. These preliminary results raise the 
question of the respective role of each of these effects 
in intact cells. Moreover, it must be stressed that the 
situation in hepatocytes is very complex, since PUFA 
deficiency induces changes in the activity of several 
membranal enzymes (glycerol 3-phosphate dehydro- 
genase, for instance [55]). 
Isolated hepatocytes from PUFA-deficient rats 
present an increased respiratory rate linked to a 
decrease in both mitochondrial NADH/NAD + ratio 
and mitochondrial A~. Fig. 1 shows that the increase 
in respiratory rate in PUFA-deficient cells incubated 
with octanoate is associated with an increase in 
overall thermodynamic driving force as compared to 
control cells. It is worth noting that the same depen- 
dence exists between the respiratory rate and the 
overall thermodynamic driving force in both PUFA- 
deficient and control cells incubated with octanoate. 
These data show that PUFA-deficient oxidative meta- 
bolic alterations are different from what would be 
obtained in the case of redox slipping (see Section 3) 
or only an increase in mitochondrial volume (see 
Section 5). Indeed, the relationship between respira- 
tory rate and the overall thermodynamic driving force 
is such that PUFA deficiency induces either (i) an 
increase in energetic expenditure as seen in the case 
of amino acid addition or (ii) an uncoupling effect as 
seen in the case of DNP addition. The only way to 
discriminate between these two hypotheses is to 
measure AGp in both the cytosolic and mitochondrial 
compartments. Experiments are in progress to address 
this question. 
7. Conclusion 
In this paper on intact cells, we describe both the 
respiratory rate and the three thermodynamic forces 
linked to oxidative phosphorylation (i.e. redox span 
over respiratory chain, A~ and AGp) to characterize 
the various mechanisms by which oxidative phos- 
phorylation is altered. Of course, this description is 
phenomenologically g obal and has some limitations. 
Furthermore, objections may be raised regarding the 
relevance of such a bulk phase force estimation (see 
Section 1). 
However, our results do show that with a given 
main substrate, processes which lead to an increase in 
ATP-consuming processes or proton conductance 
lead to a unique and quasi-linear relationship between 
the respiratory rate and its associated overall thermo- 
dynamic driving force. Moreover, the increase in 
proton leak and in ATP demand can be distinguished 
by AGp measurement. Indeed, in the former, the 
cytosolic and mitochondrial AGp are largely de- 
creased, while in the latter they are either not 
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significantly altered or sometimes lightly increased 
(i.e. amino acid additions). 
We therefore consider that there are two kinds of 
situations for which the relationship between the 
respiratory rate and the overall thermodynamic driv- 
ing force is modified: (i) a decrease in the apparent 
H+/O stoichiometry, obtained by using octanoate 
instead of glucose leads to a right upwards shift in 
this relationship in which a large increase in respira- 
tory rate is associated with no change or a decrease in 
the overall thermodynamic driving force; (ii) an 
increase in kinetic constraints on respiratory chain 
induces a concomitant increase in the absolute value 
of the overall thermodynamic driving force in order 
to maintain the same respiratory rate, as shown under 
hypoosmotic conditions. 
Moreover, a decrease in H +/ATP stoichiometry of 
ATPsynthase does not change the respiratory rate and 
its associated overall thermodynamic driving force 
but only the cytosolic and mitochondrial AGp. Fur- 
thermore, in PUFA-deficient cells, which are 
profoundly modified in membranal lipidic composi- 
tion, enzymatic activities and mitochondrial volume, 
this approach evidences the mechanism by which 
oxidative phosphorylations are altered. 
Thus, the study of flux-force relationships eems 
to be a useful tool for understanding the oxidative 
phosphorylation alterations in intact cells. In addition, 
this approach has certain advantages: (i) oxidative 
phosphorylation behaviour may be studied in more 
relevant and physiological conditions than that of 
isolated mitochondria; (ii) it is possible to study the 
effect of some drugs on oxidative phosphorylation, 
whose effects are not direct and of which the 
mechanism of action is unknown; (iii) the main effect 
observed in situ may be characterized, whereas 
studies on isolated mitochondria leads to conflictual 
results (i.e. influence of matrix volume on oxidative 
phosphorylation). Moreover, when different mecha- 
nisms of modification are involved at the same time 
and their influence on oxidative phosphorylation is 
dependent on both flux and force sizes (i.e. PUFA 
deficiency), confusion may arise. 
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